Brown adipose tissue (BAT) contributes to nonshivering thermogenesis by catabolizing available substrates, including intracellular triacylglycerol (TAG) and blood glucose, through a futile cycle to generate heat [1, 2] . In adult humans, BAT is located predominantly in the supraclavicular (SCV) region and is activated by cold [3, 4] . Given its high-potential capacity for energy expenditure per gram of tissue, the role of BAT has been studied in the context of obesity and type 2 diabetes mellitus [5] .
Intracellular TAG lipolysis is critical for cold-induced thermogenesis in human BAT [6] . However, the time course of this thermogenic activation is not well described, as commonly used methods to measure BAT metabolic activity, such as 18 F-fluorodeoxyglucose ( 18 F-FDG) positron emission tomography (PET) do not allow for serial measurements [7] and do not measure BAT thermogenesis per se [1] . Thus, alternative methodologies for assessing the time course of cold-induced BAT metabolic activity in humans are needed.
Chemical-shift MRI can offer insight into SCV BAT physiology through simultaneous mapping of proton density fat fraction (PDFF) and T2* relaxation time [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . PDFF is the gold-standard in MRI-based biomarkers of tissue TAG concentration [18] and is accurately defined as the total density of mobile protons from fat relative to the total density of mobile protons from water. Because PDFF is based on the relative amounts of fat and water in a given region of interest, BATcontaining depots have consistently been shown to have a lower PDFF than white adipose tissue [9] . Importantly, when PDFF is measured using the Iterative Decomposition with EchoAsymmetry and Least squares estimation (IDEAL)-IQ sequence, it is not susceptible to perfusion effects, thus providing an accurate measure of TAG content [19] . Consistent with changes in fatty acid metabolism in cold-activated BAT, recent studies have shown that SCV PDFF declines 0.4% to 2.2% in healthy adults [14, 15, 17] . PDFF in the SCV area was also previously correlated to 18 F-FDG uptake using PET-CT [17] and with the expression of uncoupling protein -1 (UCP1) in both adults [20] and infants [21] . Therefore, reductions in SCV PDFF are an established measure of BAT metabolic activity; however, the time course for this reduction has not been clearly defined.
Increases in BAT metabolic activity are also associated with elevations in blood flow [22] . Therefore, assessing blood flow could offer insight into acute BAT activation. This can be achieved through evaluation of T2* relaxation time, a tissue-specific MRI property influenced by changes in blood flow, volume, and oxygenation during BAT activation [10, 15, 23] . T2* relaxation time correlates with 18 F-FDG uptake [10] . Given the capacity of SCV PDFF and T2* to dynamically assess BAT activity, our aim was to use a standardized, whole-body cold exposure protocol that has been used extensively to assess BAT metabolic activity with PET-CT [6, 24, 25] , to assess SCV PDFF and T2* during cold exposure (i.e., activation) and in subsequent rewarming, and to compare these findings with the subcutaneous fat in the posterior neck region (i.e., a non-BAT adipose tissue). According to the time course identified in animal models [26, 27] , we hypothesized that PDFF and T2* in the SCV region would change soon after the onset of cold exposure, but no changes in the posterior neck region would be seen. With rewarming, we expected to see a greater recovery in SCV T2* than in PDFF because the former measure responds temporally to brief repeated intervals of cooling and reheating [10] .
Methods

A. Study Design and Population
Healthy adult men aged 18 to 29 years were recruited in Hamilton, ON, Canada, between July 2017 and February 2018. The study was approved by the Hamilton Integrated Research Ethics Board, and participants provided informed written consent. Each participant completed two visits: Anthropometric and body composition measurements were completed at visit 1; the sequential cold and warm exposures with concurrent MRI imaging were completed at visit 2. Visits 1 and 2 occurred 10 to 30 days apart. To minimize environmental and nutritional influences on BAT activity, participants were asked to fast overnight and avoid caffeinated beverages for 12 hours, strenuous activity for 48 hours, and serotonin-rich foods (tomato, plum, kiwi, avocado, banana, pineapple, and walnuts) for 24 hours before both visits. Individuals taking adrenergic-acting medications and diabetes medications were excluded. A full list of the exclusion criteria can be found in an online repository [28] .
B. Experimental Protocol
B-1. Visit 1
After confirmation of eligibility and completion of the consent process, anthropometric measurements were collected three times and an average was used. Weight (to the nearest 0.1 kg) was measured using an electronic platform scale (BMI Scale Model 882; Seca, Hamburg, Germany). Height (to the nearest 0.1 cm) was measured using a wall-mounted stadiometer (Height Measuring Rod Model 240; Seca, Hamburg, Germany). Body composition was measured using dual-energy X-ray absorptiometry (GE Lunar Prodigy Advance, Model 8743; GE Healthcare, Mississauga, Ontario, Canada). Men with a body fat percentage .25% were considered to have excessive adiposity [29, 30] . All dual-energy X-ray absorptiometry scans were reviewed (by K.M.M.) to ensure accurate delineation of the standardized regions of interest.
B-2. Visit 2
Participants arrived for their MRI examination between 0745 and 1000 hours (Fig. 1) . After a 30-minute acclimation period at room temperature (mean 6 SD: 21.5°C 6 0.7°C) while wearing standardized clothing (light sleeveless t-shirt and shorts), participants changed into a standard liquid-conditioned suit (two-piece; Allen-Vanguard, Ottawa, ON, Canada) and were instructed to lie in a supine position on the MRI scanning table. Consistent with a robust cooling protocol known to adequately stimulate BAT [24] , water was precooled and maintained at 18°C using a temperature-and flow-controlled water bath (IsoTemp 6200R28; Fisher Scientific, Ottawa, ON, Canada) and delivered to the suit via insulated tubing extensions for up to 180 minutes. Immediately after cold exposure, the same water-perfused cooling garment was connected to a separate water bath set at 32°C (VWR, Avantor, Radnor, PA) for 30 minutes.
For participants 1 and 2, MRI scans were acquired at 5-minute intervals for the first 15 and 30 minutes, respectively, and at 15-minute intervals for the remainder of the cold exposure. After preliminary review of the data, it was decided to obtain PDFF measures every 5 minutes for the first 60 minutes of cold exposure and then every 15 minutes until the end of cold exposure for the remaining participants. For all participants, scans were acquired every 5 minutes during the subsequent warming phase.
Primary outcome of the study: PDFF. BAT activity, the primary outcome of this study, was quantified as change in PDFF from baseline to each time point. This was calculated as PDFF at a specific time point minus PDFF at baseline, whereby a negative result indicated a reduction in PDFF.
Secondary outcome of the study: T2*. Change in the T2* was calculated in a similar manner and was considered a measure of change in tissue perfusion.
C. Quantification of SCV Adipose Tissue Fat Fraction
C-1. MRI acquisition and segmentation of the SCV region
All MRI scans were performed using the same 3-Tesla whole-body MRI scanner (Discovery 750; GE Healthcare, Waukesha, WI) located in the Imaging Research Centre at St. Joseph's Healthcare Hamilton. BAT MRI scans were acquired via the IDEAL-IQ sequence in the axial plane using a head/neck/spine array coil. IDEAL-IQ is a commercially available three-dimensional gradient multiecho MRI sequence that provides an accurate and unconfounded measure of mobile tissue TAG content by accounting for T2* decay (i.e., perfusion) and the multiple spectral peaks of fat [31] . This pulse sequence generates six distinct image contrasts: water-only, fat-only, in-phase, out-ofphase, PDFF, and R2* images. R2* images were transformed from T2* images (T2* 5 1/R2*). To ensure that the entire neck and the SCV region were captured, image acquisition started at the C2/ C3 disk and ended at the T4/T5 disk. Specific MRI protocol parameters are presented in an online repository [28] .
Image analysis was performed using Analyze Pro (Version 1; Mayo Clinic, Biomedical Imaging Resource, AnalyzeDirect, Overland Park, KS). All adipose tissue bound by the sternocleidomastoid medially, trapezius posteriorly, and clavicle inferiorly at each of the axial slices between the C5-C6 and T1-T2 disks were manually segmented [32] . Because the SCV region is heterogeneous in morphology, a 30% to 100% PDFF range was applied to exclude nonadipose tissues [8] . On the basis of a report that human tissue with a T2* value ,26 ms consisted mostly of muscle, fluid, or white adipocytes [8] and that the IDEAL-IQ sequence does not accurately detect voxels below T2* 5 2 ms, an additional T2* window between 2 and 25 ms was used to help isolate BAT from white adipose tissues. Further, the outer border of each region of interest (i.e., 1 3 3 voxels) was excluded to mitigate any inherent partial volume effects. All image voxels that remained after application of these criteria were considered to be SCV BAT (Fig. 2) and were summed to produce average PDFF % and T2* values for each scan (i.e., time point). Figure 2 . MRI representative axial PDFF map at the C7/T1 disk space. Voxels marked in teal were considered to be SCV BAT as their calculated PDFF and T2* values fell within the threshold criteria. Those marked in blue and yellow fell within the PDFF threshold but not the T2* threshold and were excluded from further analysis. Voxels marked in orange were identified as posterior neck subcutaneous adipose tissue.
Scans of subcutaneous adipose tissue (SAT) in the posterior neck region, not typically associated with cold-induced thermogenesis in adult humans, were performed in parallel with BAT [33] . The same PDFF and T2* windows were used for this tissue depot as for SCV BAT; however, segmentation was restricted to any SAT posterior to the trapezius at the C5-C6, C6-C7, and C7-T1 vertebral disk spaces exclusively, consistent with previous reports [12, 15, 34] (Fig. 2) .
Inlet-outlet temperatures. Two fiber-optic temperature probes (FO Temp Sensor, Polymide Tip, Neoptix; Qualitrol, Quebec, Canada) were fixed to the tubing-suit interface (i.e., manifold system). Inlet (i.e., water delivered to the suit) and outlet (i.e., water leaving the suit) temperatures were recorded using a data logger (Model RFX273A; Neoptix, Quebec, Canada) at 15-second intervals during the cooling and warming periods.
Environmental factors. The temperature inside the MRI scanning room, as measured by the MRI system and displayed on the MRI console, was recorded every 30 minutes. There were no deviations greater than 60.5°C from the baseline-recorded temperature; therefore, only the first recorded value was used for analysis. To determine the influence of outdoor temperature on MRI findings, the average outdoor temperature 1 hour before visit 2 was obtained from data collected by the McMaster University Weather Station (http://geomedia.mcmaster.ca/ muws/archives.html).
D. Statistical Analysis
The sample size was based on a previous report by Blondin et al. [35] in which inclusion of six participants conferred a power of .80% to detect a significant cold-induced effect on BAT activity (two-tailed test; a 5 0.05) with the same cooling protocol and in a similar cohort of males, albeit using PET-CT as the imaging modality. Pairwise comparisons using a randomslope linear mixed model with PDFF change as the dependent variable, time as the independent variable, and measures at either 0 (for SCV BAT and posterior neck SAT) or 180 minutes (for SCV BAT only) as the reference values were used to identify time points of significant change in PDFF during the time course. A linear mixed model with a first-order autoregressive repeated covariance structure (i.e., model that provided the lowest absolute Bayesian information criteria value [36, 37] ) was selected for this analysis because it is robust against missing data and unequal time intervals [38] . The same analyses were repeated using change in T2* relaxation time from baseline as the dependent variable. Demographic, anthropometric, and environmental characteristics of those who did and did not complete the 180-minute cold exposure were compared using independent samples t tests. Analyses were performed using Microsoft Excel © , SPSS Statistics (version 23), and GraphPad Prism (version 7). A P value of ,0.05 using a two-tailed test was considered statistically significant. Values are expressed as mean (SD) for normally distributed data and as median (Q1, Q3) for skewed data.
Results
Of the 40 potential participants who expressed interest in the study, 26 declined participation, two were deemed ineligible after initial screening because of use of excluded medications, and 12 were enrolled. The characteristics of the 12 participants who were enrolled in the study are presented in Table 1 . All 12 of the enrolled participants completed at least 60 minutes of cold exposure, and seven completed the full 180 minutes. Six participants were classified as overweight [body mass index (BMI) $ 25.0 kg/m 2 ], and of these, four had .25% total body fat. Of the six participants with a normal BMI, one had .25% total body fat. Those who completed the 180-minute cold exposure (i.e., completers) did not differ in age, percentage of body fat, or BMI from those who did not complete (i.e., noncompleters), and there were no differences between groups in the environmental conditions on the day of study (Table 1) . Further, the decline in PDFF from baseline to 60 minutes did not differ between completers and noncompleters ( Table 1) . The recorded air temperature inside the MRI room (range, 19.2°C to 21.0°C) and the D Outlet-Inlet (range, 3.47°C to 3.67°C) were quite consistent, suggesting the intensity of the exposure condition was comparable across participants.
A. Changes in SCV BAT PDFF and T2* With Cooling Are Rapid
All participants exhibited a measurable decrease in PDFF (Fig. 3A for grouped data; online repository for individualized data [28] ). A significant reduction in PDFF from baseline was evident at 10 minutes after the onset of cold exposure [mean PDFF reduction at 10 minutes minus mean PDFF reduction at 0 minutes was 21.6% (SE: 0.44%; P 5 0.007)]. At 35 minutes and beyond, reductions in PDFF did not differ from reduction after 180 minutes of cooling [mean PDFF reduction at 180 minutes minus mean PDFF reduction at 35 minutes was 2 1.3% (SE: 0.64%; P . 0.100)]. These findings were upheld when noncompleters were removed from the analysis (data not shown).
SCV BAT T2* relaxation time also decreased significantly by 10 minutes [mean T2* reduction at 10 minutes minus mean T2* reduction at 0 minutes was 20.54 ms (SE: 0.26 ms; P 5 0.038)]. The decline in T2* relaxation was not different from 180 minutes of cooling after only 5 minutes. This is consistent with a rapid, early change in blood flow. However, there was greater variability in the T2* measure at each time-point, making it less certain when the nadir change in T2* occurred in this population. (Fig. 3B for grouped data; online repository for individualized data [28] ). These findings were also upheld when noncompleters were removed from the analysis (data not shown).
B. No Change in Posterior Neck PDFF With 3 Hours of Cooling
The change in posterior neck SAT PDFF during cooling is shown in Fig. 4 . In contrast to the decline in PDFF seen in the SCV region, there were no statistically significant cold-induced declines in PDFF in this SAT depot. Similar results were found when noncompleters were removed (data not shown).
C. No Change in SCV BAT PDFF and T2* With 30 Minutes of Warming
No differences between the final cold-induced time point and any subsequent SCV PDFF or T2* measurement during the 30-minute warming period were identified (P . 0.05 for all). Rather, SCV PDFF was maintained at or near the last measured cold-induced value ( Fig. 5A and 5B). This was true when considering the entire cohort and the completers only.
Discussion
In the current study, we used a standardized, whole-body cold exposure protocol and acquired SCV PDFF measurements at frequent predefined intervals in healthy young men. Changes in SCV PDFF and T2* were rapid, as values decreased significantly in the first 10 minutes. Furthermore, after 35 and 5 minutes of cold, respectively, PDFF and T2* of the SCV region were not different from values obtained after 180 minutes of cold exposure. These findings provide insight into the time course of BAT activation and the potential role of TAG in BAT activation. The rapid activation of BAT in response to cold seen in this study is consistent with results of other studies that evaluated BAT activation using other imaging modalities reflecting blood flow and oxygen saturation [10, 39] . Skin temperature in the SCV region, measured with infrared thermography, also increased within 10 minutes of cold exposure [40] . Leitner et al. [41] demonstrated that 20 minutes of cold exposure elicited an increase in BAT 18 F-FDG uptake similar to that at 60 minutes of cold exposure. Collectively, these data using distinct methodologies indicate that BAT activity in humans is rapidly increased in response to cold. Our findings indicating a rapid decline in PDFF with cold exposure support the idea that TAG lipolysis in BAT is rapidly activated. These findings are consistent with those of Blondin et al. [6] , who showed that pharmacological blockade of TAG lipolysis during cold exposure increased BAT glucose uptake and shivering, suggesting that TAG lipolysis is a primary substrate of cold-activated BAT. Because we found no further declines in BAT PDFF after 35 minutes, our data suggest that at this point in time the uptake of exogenous substrates (e.g., circulating glucose, free fatty acids, or triglyceride lipoproteins) was sufficient to match the energetic demands of the activated BAT. Futures studies utilizing radiotracers are necessary to determine whether these substrates are directly oxidized or are incorporated into TAG before being oxidized.
Our study has limitations that warrant discussion. The rapid decline in T2* is consistent with rapid increases in BAT blood volume after sympathetic stimulation. This may have contributed to the initial reduction in PDFF; however, further declines in PDFF after 5 minutes are likely due to TAG lipolysis, consistent with the findings of previous investigators [15] . Restriction of our study to males under 30 years of age enabled us to analyze our results effectively using a smaller sample size, but we are unable to generalize our findings to females or to other age groups. Errors in PDFF may have been introduced, as the spatial resolution afforded by MRI is insufficient for differentiating between multiple cell types within a single voxel [11, 42, 43] . The temperature in the room where acclimation before cooling took place was slightly below thermoneutrality; therefore, cold-induced reductions in the SCV PDFF may have begun before the baseline MRI, resulting in underestimation of the cold-induced change in SCV PDFF [12] . We used T2* relaxation time to estimate tissue perfusion, but the IDEAL-IQ sequence parameters are optimized for precisely measuring PDFF and not T2* [23] ; this may have affected the accuracy of our perfusion measurement.
In conclusion, in response to cold exposure, there were reductions in SCV PDFF and T2* within 10 and 5 minutes that were maintained for 180 minutes and were not affected by 30 minutes of rewarming. These findings suggest that a shorter duration of cold exposure than the 60-to 180-minute protocols commonly used would be sufficient to assess the activation of BAT. Future studies with larger populations and with a study population that is more diverse will be important in determining whether there is variability in this response. Data Availability: De-identified data will be made available to interested investigators through direct contact with the corresponding author.
